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ABSTRACT 


The  response  to  wind  gusts  of  a 1/10-scale  hingeless  helicopter  rotor 
model  in  hovering  and  forward  flight  is  studied  experimentally  through  wind 
tunnel  testing. 

The  experimental  program  involving  design,  construction,  and  testing 
of  a f ive-foot-diaraeter  rotor  utilizing  either  three  NACA  0012  planform 
blades  or  one  operable  blade  with  two  dummy  blades  is  described.  Tlie  rotor 
design  is  such  that  the  torsional  stiffness  of  the  blade  assembly  as  well 
as  the  blade  chordwise  center-of-gravity  location  can  be  varied  during  the 
various  phases  of  the  test.  Wind  tunnel  testing  incorporates  the  variation 
of  wind  tunnel  speed  and  the  application  of  variable  frequency,  sinusoidal 
waveform  gusts. 

The  flap,  lag,  and  torsional  response  of  the  rotor  in  its  various  con- 
figurations was  measured  and  compared  with  theoretical  predictions. 


Thesis  Stipervisor:  Norman  D.  Ham,  Sc.D. 

Title:  Professor  of  Aeronautics  and  Astronautics 
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INTPj)DUCTU)l\' 


1.]  Backgrodiid 

The  concept  of  liiugeless  lie!  LcopLer  rotors  has  for  many  years  be-  <: 
an  area  of  increased  emphasis  regarding  design  and  production.  The  in- 
creased control  power  and  damping  due  to  the  large  moment  which  can  be  trans- 
ferred directly  to  the  aircraft,  as  well  as  tlic  simplicity  of  design  in  the 
areas  of  production  and  maintenance  have  made  this  concept  very  attractive; 
however,  the  structural  couplings  associated  with  this  concept  must  also  be 
dealt  with.  More  specifically,  the  response  of  hingeless  rotors  to  verti- 
cal gusts  while  in  fon^ard  flight  must  he  understood  and  properly  con- 
trolled. 

Most  recently  a theory  regarding  the  chordwise  center-of-gravity 
shift  as  a gust  alleviation  method  has  been  developed  (Ref.  1).  Tills  theo- 
retical development  deals  with  cases  of  varying  blade  torsional  stiffness 
and  blade  chordwise  center-of-gravity  location.  The  the.ory  predicts  that 
center-of-gravity  shifts  arc  a very  effective  and  simple  method  of  allevi- 
ating blade  gust  response.  In  a typical  theoretical  wind  tunnel  model 
blade  with  a Locke  number  of  2.65,  a 5%  center-of-gravity  shift  towards 
the  leading  edge,  the  gust  frequency  of  .1/rev.  and  an  advance  ratio  p = 0.4, 
the  collective  flapping  and  the  longitudinal  cyclic  flapping  are  reduced  by 
7%  and  18%,  respectively,  'fiie  same  model  x^ith  a more  typical  Locke  number 
of  10  would  show  even  greater  reductions  of  35%  and  53%,  respectively. 
Additionally,  the  theory  predicts  a torsionally  soft  blade  achieves  even 
more  reduction  in  tlie  gust  response  than  the  torsionally  stiff  blade. 

Finally,  a center-of-gravity  shift  tox/ards  the  lending  edge  also  reduct'.s 
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lag  ilamin'ng  due  to  CorLolifi  force,  and  extreme  care  must  be  tiiken  to  avoid 
blade  instability  when  a center-of-grevi ty  sliifc  in  employed. 


1.2  Objective 

The  objective  of  the  p-^ogram  undertaken  and  siini'.iar i zed  in  thi.s  thesis 
involved  the  construction  of  a l/lO-scale  hingele.s.s  lielicopter  rotor  wind 
tunnel  model  to  be  used  in  the  testing  of  the  developed  theory  regarding 
the  use  of  varying  torsional  stiffness  and  blade  chordwise  cente-r-of- 
gravity  shift  as  a means  of  alleviating  gust  response.  Specifically,  a 
model  was  constructed  which  allowed  for  variation  of  torsional  stiffness  and 
blade  chordwise  center-of-gravity  location.  The  model  was  designed  in  a 
manner  so  that  torsional  stiffness  could  be  varied  while  holding  chordwise 
and  flatwise  stiffness  constant.  A wind  tunnel  test  program  was  developed 
utilizing  the  Wright  Brothers  Wind  Tunnel  at  the  Massachusetts  Institute  of 
Technology  located  in  Cambridge,  Massachusetts.  This  wind  tunnel  possesses 
a gust  generator  which  was  suitable  for  the  gust  simulation  that  was  used 
during  the  testing  program.  The  construction  and  validation  tests  were  per- 
formed first  on  a three-bladed  model  employing  standard  torsion.  The  wind 
tunnel  was  run  at  two  different  speeds  and  the  gust  frequency  was  also 
varied.  The  tests  continued  on  a three-bladed  rotor  utilizing  two  dummy 
blades  with  only  a single  operable  blade.  In  this  configuration,  a chord- 
wise  ccnter-of-gravity  shift  was  applied  to  the  single  blade  while  minimal 
risk  was  imposed  upon  the  entire  rotor  system.  Variation  was  also  made  to 
the  torsional  stiffness,  changing  from  the  standard  configuration  to  a soft 
torsion  configuration. 
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2.1  Overall  Description  and  Design  Consider.ati ons 

In  order  to  accurately  test  the  theory  and  attempt  to  vaJIdate  the 
develoinneuts  as  specified  in  the  previous  section,  it  was  necessary  to  con- 
struct a hingeless  helicopter  rotor  wind  tunnel  model.  This  model  was  to 
have  certain  variable  parameters,  those  being  variable  torsional  stiffness 
while  maintaining  constant  chordwiss  and  flatwise  stiffness,  and  a variable 
center-of— gravity  location  for  the  model  blades.  It  was  decided  to  elimi- 
nate cyclic  pitch  control  during  the  initial  testing  of  this  model  in  order 
that  model  construction  could  be  accomplished  more  rapidly  and  economically. 
Based  upon  existing  facilities  at  the  VJright  Brothers  Wind  Tunnel  and  pro- 
posed construction  of  the  model,  the  parameters  of  wind  tunnel  speed, 
model  shaft  angle,  and  gust  generator  frequency  v/ere  also  quantities  which 
could  be  varied  depending  upon  desired  flight  configurations.  Additionally, 
because  of  the  orientation  of  the  gust  generator  and  its  production  of 
lateral  gusts  in  the  wind  tunnel,  it  was  decided  that  the  model  would  be 
vertically  oriented  so  as  to  maximize  the  effects  of  the  lateral  gust. 

Tills  orientation  will  be  described  in  greater  detail  in  a later  subsection. 
A complete  description  of  all  model  parameters  is  given  in  Table  1. 


2.1.1  Blades 

The  design  of  the  hingeless  helicopter  model  was  completed  using 
many  parts  and  accessories  already  available  at  MIT.  A three-bladed  1/10- 
scale  model  of  a hLngeless  helicopter  rotor  was  originally  specified  and 
is  shown  in  Fig.  1.  Blades  that  V7ere  used  for  the  model  incorporated  a 
NACA  0012  section  with  a 21. 2- inch  reinforced  fiberglass  span  possessing 


s 


i 

i 


\ 

I 

i' 


i 


f; 


i 

i 

I 

i 


I 


h 


13 


two  aluminum  tubes  and  fiberglass;  c.overlng  ov'er  the  2- inch  chord  (Fig.  2). 
The  aluminum  tubes  were  present  to  carry  fluid  for  smoke  generation  in 
other  blades  and  thus  served  only  to  equalize  blade  weight  and  as  such  pro- 
vided no  structural  support.  Kach  blade  had  8 deg.  of  linearly  decreasing 
twist  from  root  to  tip.  Each  blade  was  to  connect  to  the  rotor  hub  by 
means  of  a metal  flexure.  Additionally,  each  blade  was  to  have  the  capa- 
bility of  varying  its  center-of-gravlty  location.  The  metal  flexure  and 
the  center-of-gravity  variation  will  be  discussed  in  greater  detail  In 
the  following  subsections. 

Having  determined  the  blade  center-of-gravity  and  elastic  axis  loca- 
tions, it  was  necessary  to  determine  the  stiffness  characteristics  of  the 
blades.  To  accomplish  this,  a procedure  utilizing  the  cantilevered  blade, 
a series  of  weights,  and  optical  lever  and  simple  beam  theory  was  developed. 
By  beam  theory,  the  following  relationship  exists: 


Elf- 

dx 


M 


where  M = (W)(£) 


Therefore 


ei4^  = UZ 
dx 


W = Weight 

Z = Station  length  from  tip 


Numerically,  determine  dO/dx  knowing  the  6 value  at  each  station. 


do  yj+i  - yj , ^1+2  ~ yj  li+Ll'jdi 

dx  - x^  x^^2  - ^i  ^i+2  - ^i+l 


At  end  point  i = 1 


iii 

dx 


cl0 

dx 


^1  - ^1-1 


^i+l  - ^i 


^i+l  ■ ^1-1 


X - X 

n 


T-1 

^i+l 

- X. 

1 

\+l 

- Vl 

il-1 

+ _n. 

V2 

^n-l 

1 1 
! ^ 

n-l 

"r 

X 

n 

1 

1 1 
1 

Vl 

“ ^ 0 
n-2 

At  midpoints  i = 1 to 
n - 1 


At  end  point  i = n 
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“ j'/Trr  • Solve  for  l’J.„  or  EI„. 
ciJ/dx  !•  . C 

Therefore,  by  varying  the  aniocint  of  weight  applied  at  each  blade  station, 
by  varying  the  station,  and  by  noting  the  associated  deflections,  the  flat- 
wise and  chordwlse  stiffness  could  be  determined  for  each  particular  blade, 
A similar  procedure  could  be  utilized  regarding  determination  of  the 
torsional  stiffness  (GJ)  of  the  blade.  Again  by  beam  theory: 
d0 

GJ  ~ = T where  T = applied  moment 
dx 

Using  the  same  numerical  derivative  formula  as  used  for  El  and  El 
and  knowing  the  6 values  for  each  station,  determine  d9/dx. 


Knowing  at  each  station,  find  GJ, 


“ d0/dx 

Therefore,  by  varying  the  applied  movement  and  also  by  changing  the  station 
location  along  the  blade  span,  it  was  possible  to  determine  the  blade  tor- 
sional stiffness. 

To  aid  in  the  detection  of  blade  deflection,  a front-surfaced 
mirror  and  a laser  beam  were  used  (Ref.  2).  For  torsional  and  flatwise 
determination,  the  mirror  was  placed  on  the  elastic  axis  of  the  blade  at 
each  blade  station.  For  chordwlse  determination,  the  mirror  was  placed  on 


the  leading  edge  of  the  blade.  An  optical  lever  was  then  used  to  detect 
Small  changes  in  blade  deflection  as  shown  in  Figs,  3,  4,  and  5.  The  angu- 
lar change  from  the  measured  deflections  is  known  through  the  relationship 
d/r  = sinO.  But  the  reflected  beam  goes  through  20.  Therefore,  the  actual 
structural  rotation,  a,  is 


1 .-Id 

2 r" 


(small  angles) 


a 


or  0. 


d_ 

2r 
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It  wa.s:  now  possible-  to  determine  the  blade  stiffness  oliar.'ict:er  ist  i.-s 


for  each  blade.  Measured  stiffness  data  is  sdiown  in  Fig.  6.  Based  upon 

tliese  stiffnesses,  the  netal  flexures  which  would  connect  the  rotor  blades  ; 

to  the  rotor  hub  were  now  designed.  j 

2.1.2  Flexures 

Having  determined  the  stiffness  characteristics  of  the  blades,  it 
was  necessary  to  design  a metal  flexure  which  would  connect  the  blades  to 
the  rotor  hub  and  possess  characteristics  noticeably  softer  than  those  of 
the  blade.  The  flexure  characteristics  were  determined  to  be  those  shown 
in  Fig.  7.  Design  criteria  for  the  chordwise,  flatwise,  and  torsional 
stiffnesses  of  the  flexures  was  based  on  anticipated  deflections  of  the 
flexure  and  prior  design  experience  of  the  project  advisor.  Initial  approxi- 
mations of  flexure  stiffnesses  was  to  be  approximately  1/10  those  of  the 
model  blade  being  used.  With  these  characteristics  specified.  It  was 
necessary  to  specify  the  physical  shape  and  dimensions  of  the  flexure. 

2. 1.2.1  Rectangular  Section 

The  first  shape  specified  for  the  model  flexure  was  rectangular. 

By  specifying  the  width  and  the  thickness  of  the  section,  chordwise  and 
flatwise  stiffnesses  could  be  determined.  The  torsional  stiffness  was 
then  fixed,  based  upon  the  selected  width  and  thickness.  Wliile  close 
approximations  to  the  desired  stiffnesses  wore  attainable  with  this  scheme, 
it  was  discovered  that  the  rectangular  section  presented  problems  with  re- 
spect to  exceeding  the  bending-stress  limitation  of  steel  and  eve.n  stainless 
steel.  This  e::c.cssive  motion  can  be  seen  in  Fig.  8,  which  are  graphs  of  the 
cliordwise,  flatvjLse  and  torsional  mode  shapes  using  the  rectangular 
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2. 1.2. 2 Tapered  Section 


The  next  design  considered  was  an  attempt  to  distribute  some  of  the 
flexure  flapping  motion  over  more  of  the  metal  flexure.  A tapered  flexure, 
thicker  at  its  root  than  at  its  tip  was  designed.  While  this  x^as  adequate 
for  flatwise  motion,  it  produced  very  difficult  properties  with  Xv'hich  to 
deal  concerning  chordx^ise  and  torsional  motion.  Thus,  this  design  was 
quickly  eliminated  because  of  lack  of  compatibility  with  the  desired  char- 
acteristics . 


2. 1.2. 3 Double  Tapered  Section 

The  next  design  consideration  involved  a double  tapered  section  - 
tapered  from  root  to  tip  to  equalize  tlie  flatX'/ise  bending  as  above,  but 
also  tapered  from  root  to  tip  in  the  chordwise  sense  to  again  help  allevi- 
ate some  of  the  anticipated  large  material  stresses  and  simplify  some  of 
the  coupled  flap-torsion  motion.  Hov;ever,  it  Xi7as  very  difficult  to  make 
any  design  changes  to  this  patterned  section.  Additionally,  this  design 
appeared  to  not  easily  lend  itself  to  changing  from  standard  to  soft  torsion 
or  to  being  adapted  for  use  in  the  existing  parts.  Thus,  it  too  was 
eliminated. 


2. 1.2. 4 Rectangular  and  Tapered  Section  with  Snubbers 

The  next  design  included  the  previous  designs  of  the  rectangular  and 
tapered  section,  but  added  a pair  of  snubbers.  These  snubbers,  designed  to 
fit  above  and  below  the  actual  flexure,  were  tapered  from  root  to  tip,  some- 
what shorter  than  the  actual  flexure,  and  specified  so  as  to  aid  primarily 
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in  flatwise  bending.  The  chordwLse  and  torsional  stiffnesses  were  then 
direct  properties  of  the  actual  fle.Kure.  However,  this  ficlume  als-o  proved 
unworkable  because  although  adequate  for  pure  flativiso,  cliordwis-e,  or  tor- 
sional bending,  the  flexure  produced  non!  incarit' es  in  its  projjcrt  ies  Xv’licn 
any  of  the  three  motions  i^rere  coujilcd  together.  Because  it  v/as  known  that 
coupled  motion  would  be  present  in  the  actual  model,  this  design  iteration 
was  also  eliminated. 

2. 1.2. 5 Rectangular  Star  Pattern 


'Hie  next  design  Involved  a flexure  which  appeared  like  two  crossed 
rectangles.  By  specifying  the  thickness  and  height  for  each  rectangle,  the 
chordwlse  and  flatwise  properties  were  determined.  Tlie  torsional  character- 
istic is  then  a function  of  the  two  shared  middle  sections  (Ref.  3).  Wiile 
initially  quite  attractive  for  the  model  design,  this  scheme  also  proved 
too  unwieldy.  Ii/hile  moderately  difficult  to  manufacture  and  adapt  to  the 
model  attachment  scheme,  it  proved  virtually  impossible  to  easily  change 
the  flexure  tor.sional  properties  as  desired.  Thus,  this  design  too  was 
ruled  inadequate. 

2. 1.2. 6 Final  Design  Selection 

The  final  design  selected  proved  to  be  a compromise  between  other 
design  iterations  considered.  A rectangular  section  was  selected;  however, 
a flapping  hinge  was  added  at  the  flexure  tip  end.  Thus,  the  actual  flexure 
could  be  designed  specifying  only  chordvise  and  torsional  characteristics. 
All  flapping  motion  was  thereby  eliminated  from  the  actual  flexure.  Along 
with  this  design  came  the  requirement  for  a means  of  detecting  any  flapping 
motion.  Tlins,  a flapping  sensor  was  also  specified  which  could  meet  litis 
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requirement.  A picture  of  the  uctuMl  I ant  rimientcd  flexure  .-ind  the  fiap]jinfi 
cuff  nnci  hingi.“  are  aliown  in  Fig.  9. 

2.1.3  Rotor  Huh 

Tlie  rotor  hub  design  for  the  3-b Laded  hinge les.s  wind  tunnel  model 
uas  accomplished  with  little  difficulty.  Utilizing  existing  parts  for  the 
connection  pieces  which  vtould  join  the  hub  to  the  flexures,  a hub  which 
incorporated  the  ability  of  varying  collective  pitch  was  designed  and 
machined  from  17-4  PH  stainless  steel.  The  hub  was  fitted  with  a 1/4  x 
3/16  keyway  and  two  set-screws  in  order  to  insure  positive  connection  with 
the  rotor  drive  shaft.  The  rotor  hub  and  its  associated  hardware  are  pic- 
tured in  Figs.  1 and  10. 

2.1.4  Flapping  Cuff 

Because  of  the  flexure  design  modification  necessitated  in  order  to 
maintain  the  capability  of  varying  torsional  stiffness  during  the  desired 
wind  tunnel  tests,  a flapping  cuff  was  added  to  the  original  model  design. 
This  part  of  the  model  allows  the  rotor  blade  to  flap  up  or  down  independ- 
ently of  the  metal  flexure.  Thus,  one  of  the  design  constraint  requirements 
placed  upon  the  original  flexure  was  eliminated.  Tlie  flapping  cuff  then 
provided  the  point  of  application  for  the  blade-flapping  measurement  device 
and  for  the  attachment  of  the  blade  counterweights. 

Tlie  cuff  xvas  designed  to  link  the  blade  and  the  metal  flexr.re  by 
attaching  securely  to  both  of  these  fixtures.  Since  It  was  necessary  that 
the  blade  could  freely  flap,  the  attachment  point  at  the  flexure  end  was 
fitted  with  ball  bearings.  These  bearings  also  possessed  e.xtended  inner 
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A stud  holt  Lhcui  passod  through  tho  bearings  and  tlu*  fleiaire.  ISy 


tlglitcning  this  bolt,  a friction  grip  of  tiie  bearing  inner  race  on  the 
flexure  end  was  achieved.  Tills  fi'iction  grip  also  "indexed"  (lie  stud  l/olL 
with  respect  to  the  flexure.  Tlie  stud  bolt  was  then  fitted  with  a .005- 
incli  piece  of  feeler  stock  which  extended  into  a slot  cut  into  the  flapping 
cuff.  The  feeler  stock  became  the  flap  sensing  flexure.  This  flap  sensing 
flexure  was  instrumented  with  strain  gages  and  thus  allowed  for  the  deter- 
mination of  the  blade  flap  angle  and  monitoring  of  blade  position  during 
the  wind  tunnel  tests.  The  flapping  flexure  Is  shown  with  the  mounted 
flapping  cuff  in  Fig.  9. 

While  the  strain  gages  on  the  flapping  flexure  functioned  extremely 
well  during  the  wind  tunnel  tests,  there  v’as  a minor  problem  with  the  strain 
gage  connector  wires.  As  the  model  blades  flapped  up  or  down  during  the 
wind  tunnel  tests,  a strain  was  placed  on  the  hook-up  wires  leading  from 
the  strain  gages  to  the  lead-in  wires  at  their  small  solder  joint.  In  the 
process  of  soldering  the  wires  together,  the  smaller  strain  gage  hook-up 
wires  were  weakened  by  the  heat  of  soldering.  Thus,  the  additional  strain 
on  the  hook-up  wires  resulting  from  the  flapping  blades  would  occasionally 
cause  these  connections  to  fatigue  and  fail  at  the  solder  joint.  After 
isolating  this  problem  area  the  first  time,  necessary  repairs  were  made  and 
the  test  sequence  continued.  Even  af ter  subsequent  failures,  it  was  deter- 
mined that  it  would  be  easier  to  merely  repair  the  minor  damage  as  opposed 
to  redesigning  the  flapping  flexure. 

Finally,  the  attachment  point  of  the  flapping  cuff  at  the  blade  end 
also  provided  a place  to  secure  the  blade  countem.'eigh ts . 
weights  will  be  described  in  tiie  next  subsection. 
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These  counter- 


2.1.5  Blndo  CotmCerweiglits 


As  sliowi  Ln  Fig.  9,  each  blade  was  fitted  with  two  cylindrical  blade 
counteia.^oights.  The  purpose  of  these  counterweights  was  to  couateiV’ct  the 
primarily  horizontal  mass  distribution  of  the  blade,  otherwise  known  ar: 
the  blade  feathering  moment  of  inertia.  By  applying  the  counterweights 
with  a vertical  orientation,  this  tended  to  equalize  the  otherwise  prevalent 
horizontal  feathering  moment  of  inertia  (Ref.  A).  The  counterweights  were 
designed  for  use  on  the  three  bladed  model  before  application  of  the  blade 
dampers  became  nece.ssary.  Tliey  were  not  redesigned  after  the  application 
of  the  dampers. 

2.1.6  Blade  Center-of-Cravity  Location 

As  pointed  out  earlier,  the  object  of  the  wind  tunnel  tests  was  to 
attempt  to  validate  the  theory  developed  concerning  the  reduction  of  blade 
bending  motion  due  to  a vertical  gust  utilizing  a passive  control  measure 
such  as  blade  chordwise  mass  unbalance.  It  was  necessary  to  design  a means 
whereby  blades  with  different  center-of-gravity  locations  could  be  tested. 
One  means  of  accomplishing  this  would  be  to  design  and  build  rotor  blades 
which  actually  had  different  center-of-gravity  locations.  This  method, 
however,  would  have  proved  too  costly  and  time  consuming  for  the  intended 
test  series.  Tlierefore,  it  was  decided  that  through  tlie  addition  of  tip 
weights,  placed  along  the  leading  edge  of  each  blade  and  in  the  vicinity 
of  the  blade  tip,  the  desired  center-of-gravity  shift  would  be  accomplished. 

The  actual  scheme  used  to  apply  the  tip  weight  to  the  model  blade 
is  shown  in  Fig.  11.  A sleeve,  fashioned  from  type  30A  stainless  steel, 
was  welded  to  a .468-incl)  I.D.  stainless  steel  tube..  The  tube  vras  drilled 
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aloui'  its  Iciiyth  In  various  locations.  A tiinj’.stcii  .slug,  weighing  aggruxi- 
r.'.ately  AO  grams,  was  machined  to  slip  inside  the  stainless  steel  tube.  Ky 
securing  the  slug  at  any  one  of  the  pr  ’drilled  holes  in  tlie  tube,  an  appro- 
priate shift  of  the  chordwlse  center-oi-gravi ty  eitiicr  fore  or  aft  was 
achieved.  The  different  positions  allowed  for  chordwise  CC  variation 
ranged  from  35%  chord  (most  aft  position)  to  the  18%  chord  (most  forward 
position).  Values  of  chordwise  CG  position  versus  slug  location  are  shown 
in  Table  2.  The  tip  weight  assembly  was  secured  to  tlie  blade  by  means  of 
three  .190-inch  diameter  shoulder  bolts.  Prior  to  actual  model  testing 
with  the  tip  mass  applied,  careful  calculations  were  made  to  check  tlie 
sliear,  bearing,  and  tension  loads  on  the  reinforced  fiberglass  blade  span 
and  on  the  tip  weight  metal  sleeve.  In  the  most  severe  case,  tliat  being 
the  sleeve  bearing,  a safety  factor  of  almost  7 existed  between  expected 
loading  forces  and  allowable  loading  forces.  Therefore,  the  construction 
of  the  tip  weight  assembly  was  completed  and  the  wind  tunnel  tests  con- 
ducted. 


2.1.7  Blade  Dampers 

During  the  initial  design,  a possible  requirement  for  blade  lead-lag 
dampers  was  discussed.  Tlie  final  model  configuration  possessed  only  a 
.0009%  lead-lag  structural  damping  ratio.  It  X'/as  decided  to  proceed  with- 
out lead- lag  dampers  in  order  to  keep  construction  simple  while  at  the  same 
time  hoping  that  the  structural  damping  inherent  in  the  system  would  suffice. 

During  preliminary  rotor  runup,  it  was  discovered  that  lead-lag 
dampers  xjould  be  required.  Initial  calculations  showed  a chordwise  resonance 
to  exist  between  model  rotational  speeds  of  600-650  IIPM.  As  this  shaft 
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spoed  v/as  approached,  chordwLse  beaJint;  of  the  metal  fli'xur<'  duo  to  blade 
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gravity  moment  became  very  evident.  Yield  strength  of  the  17-7  PH  metal 
flexure,  was  at  200  ksi  while  fatigue  limits  for  this  material  exi.st  at 
150  ksi.  A safety  limit  of  45  ksi  was  established  for  chordwise  bending 
and  reached  at  a shaft  speed  of  610  R?M  in  the  no-damper  configuration. 
Because  of  the  established  safety  limitations  and  not  desiring  to  risk 
model  damage  at  higher  RPM's,  it  was  necessary  to  terminate  testing  and 
redesign  the  model  to  Include  lead- lag  dampers. 

The  dampers  which  v^ere  designed  and  constructed,  employed  a double 
action,  double  ended  closed- loop  hydraulic  system.  Maximum  piston  stroke 
was  0.5-lnch.  The  original  damper  is  shown  in  Fig.  12.  A double-ended 
cylinder  was  chosen  in  order  that  the  piston  motion  in  either  direction 
would  displace  the  same  volume  of  fluid.  Wiile  the  different  fluids  avail- 
able offered  varying  degrees  of  viscosity,  light  machine  oil  with  a vls- 
2 

coslty  of  100  in  /sec  was  selected  for  use.  Additionally,  the  hydraulic 
system  was  selected  because  its  damping  properties  vary  approximately  as 
the  piston  velocity  squared.  The  dampers  were  filled  with  light  machine 
oil  utilizing  a hypodermic  syringe.  This  enabled  almost  all  trapped  air 
to  be  eliminated  from  the  system. 

Two  other  types  of  dampers  were  considered  for  use,  but  were  elimi- 
nated becau.se  of  undesirable  properties.  A small,  commercially  available 
airpot  dashpot  was  examined.  This  snail,  ligliLweight  device  witli  a 
glass  cylinder  and  grapliito  piston  initially  seemed  very  attractive  for 
adaptation  to  the  model  rotor.  However,  bench  tests  on  this  dashpot  system 
rcvealc.d  that  in  order  to  derive  good  damping  characteristics,  it  was 
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iHn-t?;;sary  rt)r  th>-'  piston  top  to  bo  very  close  to  the  bottom  of  cite  cylin'o-r 
(I.O.,  a siiiall  volnrae  of  air  in  the  chcnrcr).  liowover,  tliis  condition 
could  not  be  satisfied  by  the  model  rccar  conf igura t i on  at  tiie  maxiiiiMm  pre- 
dicted lead- lag  motion  of  the  blade.  7h_s,  in  ordofr  to  allow  for  tlii.s 
maximum  piston  displacement,  a much  greater  volume  of  air  would  have  been 
required  in  the  dashpot  cylinder.  This,  however,  destroyed  the  desired 
damping  characteristics  of  tlie  dashpot  as  the  increased  volume  turned  the 
dashpot  into  an  air-spring.  In  effect,  the  air  compressed  rather  than 
passed  through  the  dashpot  orifice.  Thus,  this  system  was  undesirable. 

A third  damper  used  a neoprene  tube  secured  to  a metal  attaching 
bracket  with  a movable  metal  rod  passing  through  the  neoprene  tube.  The 
system  damping  would  be  provided  by  the  metal  rod  sliding  through  the  neo- 
prene tube.  By  compressing  the  neoprene  slightly  in  its  lengthwise  orien- 
tation, the  damping  of  the  device  could  be  increased.  However,  the  damping 
characteristic  of  this  device  is  that  damping  varies  linearly  as  the  velocity 
of  the  piston.  Thus,  because  its  damping  is  not  as  good  as  the  hydraulic 
system,  this  viscous-shear  system  of  damping  was  selected  as  an  alternate  to 
the  hydraulic  cylinders. 

The  hydraulic,  cylinders  selected  for  use  were  mounted  on  the  model 
by  attaching  ball  swivel  rod  end  connecters  to  the  cylinder  body  and  to 
one  piston  rod  end.  This  allowed  the  daicper  to  function  properly  while 
independent  of  the  blade  lead-lag  orientation  and  Independent  of  flexure 
tor.sional  motion.  A small  slotted  plate  vras  included  in  the  adaptation  in 
order  that  the  piston  could  be  centered  at  its  mid-point  with  the  blade  in 
its  neutral  position.  In  Its  final  configuration,  the  hydraulic  dampers 
provided  a 3.5%  damping  ratio  when  attached  to  the  model. 


A chjnj;a  was  nude  in  tha  original  damper  dosign  after  the  first 
series  of  wind  tunnel  tests.  It  v;as  discovered  that  while  rotating  at 
(.>perating  RPM,  the  mass  of  the  large  ball  swivel  conne-ctor  caused  a notice- 
able steady  state  torsional  displacement  resulting  in  "twisting  off"  of  the 
preset  blade  angle  of  attack.  Therefore,  in  order  to  reduce  this  mass  .and 
some  of  its  associated  steady  state  torsional  displacement,  a smaller  ball 
swivel  connector  manufactured  by  Superior  Linkage  Company  was  purchased  and 
adapted  to  the  damper.  This  lighter  and  more  compact  unit  provided  the 
model  with  the  same  damping  characteristics  as  before,  but  because  of  its 
reduced  mass  resulted  in  only  1/3  the  steady  state  torsional  displacement. 

A picture  of  the  redesigned  damper  configuration  is  shown  in  Fig.  13. 

2.1.8  Dummy  Blades 

To  test  the  theoretical  chordwise  center-of-gravity  shift  predic- 
tions, the  system  for  actually  shifting  the  chordwise  CC  of  an  individual 
blade  was  designed  as  described  in  Subsection  2.1.6.  In  order  that  no  more 
than  one  blade  of  the  model  be  subjected  to  this  major  modification,  it  was 
decided  to  construct  two  dummy  blades  to  complete  the  three  bladed  model 
(Ref.  5).  The  dummy  blades  Incorporated  the  same  mass  as  a complete  test 
blade/damper  assembly  and  also  posse.ssed  the  same  spanwise  center-of- 
gravity.  Each  dummy  blade  was  constructed  from  0.75-inch  drill  rod  V(rith 
the  root  end  machined  to  fit  the  model  rotor  hub  and  the  remainder  of  the 
rod  turned  to  a 0.625-inch  diameter.  Rod  length  of  lA.O  inches  was  deter- 
mined for  the  appropriate  CC  location  and  such  that  the  rod  weigl)t  would 
be  slightly  less  than  the  total  weight  desired.  The  final  rod  was 
threaded  (5/8  x 18  RF)  in  order  that  the  small  additional  m.ass  needed  to 
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scourt'ly  positLonod  in  ordoi'  to  finti'sfy  tlio  CG  roqulrianont . Fignro  1 ''4 
siiows  a photograpli  of  a duramy  blade  and  its  balaticing  woight. 

2.2  Mounting  of  Rotor  Shaft  in  V-'ind  Tunnel 

2.2.1  Horizontal  Mounting 

Early  in  the  design  development  of  Lite  hingeless  rotor  model,  it  was 

i 

decided  that  the  model  would  be  mounted  with  a vertical  orientation  in  the 
test  section  of  the  V.'right  Brothers  Wind  Tunnel.  The  main  reason  for  this  : 

decision  was  because  of  the  availability  of  a lateral  (or  horizontal)  gust  | 

which  could  be  generated  in  the  wind  tunnel.  The  details  of  the  gust 

generator  and  its  associated  equipment  are  explained  in  detail  in  Ref.  6.  i 

i 

j 

WTiile  this  mounting  orientation  initially  posed  some  problems,  the  solution  ' 

and  final  mounting  scheme  provided  a very  adequate  means  for  conducting  the 
wind  tunnel  tests. 

The  Wright  Brothers  Wind  Tunnel,  built  in  1939,  contains  a working 
balance  in  the  test  section.  This  balance  has  the  capability  of  measuring 
lift.,  drag,  and  side-force  components  on  a v/ind  tunnel  model, as  well  as 
possessing  a turntable  which  allows  for  various  angular  orientations  of  a 
model  with  regard  to  the  tunnel  wind.  By  using  the  front  trunnions  of  the 
wind  tunnel  balance,  it  was  possible  to  design  a pair  of  attachment  points 
whereby  the  thrust  produced  by  the  rotor  would  appear  as  a side-force  with 
regard  to  balance  measurement.  Additionally,  by  merely  rotating  the  turn- 
table of  the  balance,  the  rotor  model  shaft  angle  could  be  varied  in  order 
to  simulate  various  foi-ward  flight  configurations. 


liy  using  a series  of  guidelines,  the  model  setiqi  was  also 
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tho  gii.sL  gene  ration.  Thus,  the  balanui?  prv>vidcd  an  c-xcol  1 ont  attadiru'nl 
point  in  the.  wind  LuniiL=?l  Cor  raeasuring  rotor  tlirust,  allowed  for  ease  of 
shaft  orientation,  and  provided  structaral  strength  to  (lie  entire  model 
setup.  A series  of  pictures  showing  the  model  mounted  in  the  wind  tunnel 
are  included  in  Figs.  15  and  16. 

In  order  to  accommodate  the  rotor  drive  system,  it  was  necessary  to 
modify  and  rebuild  some  of  tho  steel  support  structure  outside  of  the 
Wright  brothers  Wind  Tunnel  test  section.  This  work  was  accomplished  using 
7.0-inch  and  A. 0-inch  steel  I beams  and  U channels.  These  modifications 
provided  the  rigid  steel  platform  upon  which  the  hydraulic  motor  and  slip- 
ring assembly  of  the  model  were  mounted.  It  also  provided  access  areas 
for  working  on  and  controlling  this  equipment  during  the  actual  wind  tunnel 
tests . 

2.2.2  Spllned  B.nll  Coupling 

Because  of  the  desire  to  measure  rotor  thrust  with  minimal  friction 
Interference  from  a shaf t-to-motor  cor.pling,  a double-universal-j ointed, 
splined  ball  coupling  was  selected.  This  coupling  in  its  attached  configu- 
ration is  shown  In  Fig.  17.  The  coupling  w’as  particularly  useful  for  a 
number  of  reasons.  Because  of  its  patented  spline  ball  design,  it  allov^ed 
for  lateral  movement  of  the  rotor  shaft  while  imposing  only  minimal  fric- 
tion forces  upon  the  sliuft;  thus  the  thrust  forces  ine.jsured  by  the  wind 
tunnel  balance  could  be  considered  to  he  very  close  to  those  actually  pro- 
duced by  the  rotor.  Next,  the  coupling  allowed  for  a constant  velocity  t(' 
bo  maintained  on  the  rotor  shaft.  Tin's  is  important  for  the  testing  of  tiie 
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nuxlel.  I'iiriJ  ly,  by  h.ivinj'  a cioiililo  iinivc-rsal  couiiliii;',  b 1 1->:  i 1;  i 1 i t y rxjvjr.!- 
in”  posslhlo  v«-rtlcal  mlsal  Igninont , horizontal  minal  iy,iimont,  or  angular  nis- 
alignmont  of  the  rotor  siiaft  and  the  drive  rotor  was  ohtaiiU'd.  I'lille  all 
moasures  were  taken  to  iunure  no  mi  sal.  1 gimienl , the  splined  hall  coupliiip, 
compensated  for  any  undetected  slior tcoini ng  that  mip.ht  have  existed. 

The  requirement  for  shaft  support  at  the  connection  end  was  provided 
by  a linear  ball-bushing  bearing,  Tiris  type  of  device  was  selected  be- 
cause its  linear  balls  offered  minimal  friction  opposition  regarding  lateral 
shaft  movement,  wVille  at  the  same  time  it  possessed  a roller  bearing 
assembly  which  could  adequately  absorb  and  withstand  the  rotational  loads 
and  forces  imposed  by  running  the  shaft  at  955  RPM. 

2.3  Hydraulic  Motor  and  Slip-Ring  Assembly 

To  provide  the  means  of  turning  the  model  helicopter  rotor,  a hy- 
draulic motor  fitted  to  a series  of  slip  rings  was  utilized.  A schematic 
of  the  pump  assembly  is  shown  in  Fig.  18  with  a picture  of  the  actual 
hydraulic  motor  and  slip-ring  assembly  shown  in  Fig.  19.  The  hydraulic 
motor  is  a Vickers  hydraulic  motor,  rated  at  3000  psl  and  a 1.52  cubic- 
inch/revolution-flow  capacity.  The  speed  of  tl)e  rotor  was  controlled  by 
moans  of  a screwed  bonnet  regulating  valve  located  at  the  control  panel. 

The  speiul  of  the  rotating  shaft  was  monitored  by  means  of  a frequency 
counter  which  was  connected  to  a 1/rev  pulser  on  the  slip-ring  assembly. 
Precise  variiition  of  the  RPM  was  attainable  Ijy  cither  opening  or  closing 
the  hydraulic  control  valve  as  necessary. 

The  slip-ring  assembly  utilized  contained  31  usable  rings  witli 
each  ring  possessing  tliree  (3)  contact  i^rnslies.  By  using  the  three 
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coni'arl'.  briislioj:,  the  possiUrll  ity.  of.  contact  resistance  vnr  i at  i otis  and 
possible  faulty  sifjnal  transm  i ssioa  v-’ns  mi  nirnized  . The  entire  hydraulic 
motor  and  slip-ring  assembly  was  disassembled,  cle.ancd,  reassembled  and 
thoroughly  checked  for  proper  operation  prior  to  conducting  any  v;i[id 
tunnel  tests.  The  system  proved  very  reliable  during  the  actual  testing. 

In  order  to  pass  the  electrical  excitation  signal  to  the  model  and 
receive  the  output  signal  back  at  the  control  panel,  it  wa.s  necessary'  to 
modify  the  wiring  of  the  original  slip-ring  assembly  and  design  and  wire 
an  electrical  system  for  this  specific  configuration.  Because  of  the  re- 
quirements for  varying  shaft  angle  and  thus  the  necessity  of  much  connec- 
tion and  reconnection  of  electrical  leads  during  the  experiment,  the 
ability  to  quickly  and  easily  connect  and  reconnect  all  electrical  leads 
was  desired.  A fourteen  pin  and  socket  connector  with  jack  screi>7s  was 
selected  for  use.  These  connectors  were  mounted  on  a shaft  collar  at  the 
hub  end  of  the  rotor  shaft  and  also  at  the  hydraulic  motor  end.  They  pro- 
vided the  flexibility  for  connection/reconnection  but  at  the  same  time  were 
a very'  positive  method  of  passing  the  electrical  signal. 

2.4  Controllers  and  Recording  Devices 

2.4.1  Strain-Gage  Equipment 

Having  determined  the  model  design  and  the  desired  measurable  pa- 
'rameters,  the  electrical  control  mechanisms  and  data  acquisition  devices 
were  selected  and  obtained.  A 20-channel  strain-gage  amplifier  was  used 
to  provide  the  5 volt  dc  strain-gage  excitation  as  well  as  the  output  ampli- 
fication for  each  strain-gage  bridge  from  the  model.  A schematic,  of  the 
amplifiers  is  sliown  in  Fig.  20.  Each  flexure  was  InsLrumt’ntod  with 
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Strain  gajjcs  in  order  to  detect  r hord.vlse  hending  and  torsional  wot  ion. 

A dlajjram  of  a strain-gage  bridge  is  shown  in  Fig.  2]  v/li  i if  the  moiinted 
bridges  are  shown  in  Fig.  22.  In  addition,  to  detect  the  blade  flapping 
motion,  each  flapping  cuff  flexure  was  insLrnra.^nted  v-;iili  strain  gages  as 
is  shown  in  Fig.  9.  While  the  torsional.,  chordwise  and  flajjping  motion 
data  of  only  one  blade  was  actually  recorded,  the  backup  capability  pro- 
vided by  the  two  other  instrumented  blades  in  the  tbree-bladed  configura- 
tion proved  invaluable  for  recording  data  and  for  output  comparison  during 
the  actual  tests.  As  can  be  seen  in  Fig.  20,  by  varying  the  output  re- 
sistor, the  gain  of  each  amplifier  can  be  adjusted.  A gain  of  200  was 
selected  for  the  chordwise  bending  motion,  v^hile  a gain  of  1000  was 
selected  for  torsional  motion  so  as  to  provide  increased  sensitivity.  The 
flapping  gain  was  adjusted  to  200.  Once  the  strain  gages  were  implaced, 
each  flexure  was  calibrated  using  a simple  bencli  test  deflection  technique. 
The  calibration  results  are  shown  in  Fig.  23. 

2.4.2  Frequency  Counters 

Frequency  counters  were  used  to  measure  the  RFM  of  the  rotating  model 
rotor  shaft  and  the  gust  generator  frequency.  Since  no  tachometer  was 
built  into  the  model  rotor  shaft  but  a 1/rev  signal  was  available  on  one  of 
the  slip  rings,  this  ring  was  used  to  provide  the  signal  for  the  RFM  fre- 
quency counter.  By  making  small  adjustments  of  the  hydraulic  motor  control 
valve,  the  speed  of  the  sliaft  was  accurately  and  precisely  contro.lled.  The 
frequency  counter  used  v;ith  the  gust  generator  is  an  integral  part  of  its 
associated  equipment.  In  tliis  case,  the  desired  frequency  corresponds  to 
a specific  shaft  speed  of  the  gust  generator.  Thus,  by  adju.sting  (lie 
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frecjiioncy  oount.er  to  ttie  desired  shaft  siieed,  the  c.nst  ^,onerator  is 


» 

I 

t properly  set. 

2.4.3  Tape  and  Chart  Recorders 


To  record  the  output  of  the  amplified  strain-gage  signals,  a 
Hewlett  Packard  4 channel  Model  3960  tape  recorder  was  used.  This  recorder 
was  the  primary  data  collection  instrument.  The  four  signals  recorded  on 
the  tape  recorder  were  the  1/rev  pulse,  a torsion  output  signal  , chordwise 
output  signal,  and  a flapping  output  response  signal.  At  the  beginning  of 
each  data  run,  an  audio  input  describing  rotor  configuration  and  test  con- 
ditions was  recorded  to  label  that  section  of  the  tape.  Each  recorded  sec- 
tion was  then  played  back  through  a Federal  Scientific  Corporation  Spectrum 
Analyzer  and  a plot  of  the  frequency  response  of  the  torsion,  flapping,  and 
chordwise  signals  as  this  test  condition  was  made.  Tliis  data  was  then  used 
to  compare  against  theoretical  predictions. 

In  addition  to  the  taped  audio  signal  of  each  tost  run,  a printed 
record  of  each  test  run  was  also  made  using  the  Honeytjell  1508  Visicorder 
Oscillograph.  Utilizing  six  of  the  available  twelve  channels,  the  signals 
for  the  rotor  shaft  speed,  gust  generator  speed  (i.e.,  frequency),  torsional 
response,  chordwise  response,  and  two  flapping  response  signals  were  re- 
corded. This  record  served  primarily  as  the  back-up  data  source  of  the 
same  data  which  was  recorded  on  the  Hewlett  Packard  tape  recorder. 

2.4.4  Oscilloscope 

Two  oscilloscopes  were  used  during  the  actual  test  runs.  The  first 
scope  was  marked  with  a safety  circle  and  served  as  the  primary  safety  moni- 
toring device.  With  a chordwise  signal  input  to  the  >;-axls  beam  and  a 
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i:oitplc<.l  flapping  motion.  Tho  civc'e  was  marked  on  the  scope  face  such  that 
in.axiiauin  chordwiso  motion  would  he  reached  at  .'i  bending  stre.ss  of  45  ksi  . A 
flapping  limitation  was  establi.shod  at  + 7 deg.,  or  .slightly  lf!S.s  tliun  t lie 
+ h deg.  limit  established  by  the.  rubber  flapping  stops  on  the  flapping 
cuff. 

A second  oscil loscopo  provided  the  means  to  monitor  whichever  of  two 
output  signals  was  desired.  One  channel  of  this  oscilloscope  was  wired  to 
a 9-position  channel  selection  box.  This  selector  box  enabled  selection 
of  any  of  the  nine  output  channels  from  the  three  blades  such  that  two 
signals  could  be  either  compared  or  monitored  simultaneously.  This  scope 
was  particularly  useful  for  monitoring  transient  effects  resulting  from 
varying  tunnel  speeds  and  varying  gust  frequencies.  Its  capability  of 
storing  and  displaying  a signal  also  allov7ed  for  rapid  approximate  checks 
against  theoretical  predictions  during  actual  test  runs. 

2.4.5  Other 

An  a.ssociatcd  piece  of  equipment  us£7d  to  analyze  data  after  the  com- 
pletion of  test  runs  was  the  Federal  .Scientific  Model  UA-14  Spectrum  Analy- 
zer. 

Tlie  recorded  data  wa.s  fed  to  the  analyzer  from  a single  channel  of 
the  tape  recorder  for  the  particul.'ir  portion  of  the  test  sequence  under  in- 
vestigation. This  r.ignal  is  placed  in  storage.  Fourier-analyzed,  and  then 
presented  for  cxaminatif)n  at  an  output  terminal  on  a convenient  lime  ba.se, 
in  parallel  witli  the  .spectrum  prevsent  .it  ion.  The  elected  option  of  a plotted 
output  produced  an  ca.sily  disccm.-ihle  frequtuicy  record  of  eacli  channel 
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(torsion,  ]ond-Ja<’,  flap)  for  eaefi  sLi'p  of  llto  tost  soqncmco. 

A picture  of  the  instrument  control  panel  in  the  Wright  Brothers 
Wind  Tunnel  is  sliown  in  Fig.  2'). 


3.  EXPERIMENTAL  TEST  PROCEDURE 


3.1  General  Setup  and  Procedures  Prior  to  Test 

3.1.1  Structural  Stability  and  Integrity 

Having  completed  the  construction  of  the  model  rotor,  final  prepara- 
tions for  the  wind  tunnel  testing  were  performed.  As  outlined  in  the  instru- 
mentation subsection,  strain  gages  were  calibrated.  Electrical  connections 
from  the  model  hub  were  rechecked  and  verified  through  the  slip  rings  and 
amplifiers.  The  rotor  shaft  alone  was  rotated  at  955  RPM  and  was  checked 
for  balance  and  alignment.  The  gust  generator  rollers  were  rotated  and 
were  checked  for  frequency/RPM  correlation.  The  model  blade  tips  were  each 
painted  a separate  distinctive  color  and  the  rotor  blades  were  set  to  0° 
collective  pitch  at  the  three-quarter  chord  radius.  With  the  rotor  spin- 
ning at  400  RPM,  an  initial  stabilit}'  check  of  structural  integrity  of  the 
model  design  and  initial  check  of  the  rotor  track  was  performed.  The  track 
check  was  accomplished  by  using  an  overhead  mounted  mirror,  canted  in  such 
a way  that  by  standing  perpendicular  to  the  rotor  tip  path  plane  and  illumi- 
nating the  mirror  with  a strobotac  pulsing  at  three  times  the  rotational 
speed,  the  superimposed  image  of  the  three  blade  tips  appeared  stationary. 

The  only  means  available  for  adjusting  rotor  track  on  this  model  was  by 
making  small,  appropriate  collective  changes  in  the  pitch  setting  of  the 
"off-track"  blade.  This  procedure  proved  quite  effective  and  produced  a 
rotor  track  wln:re  all  three  blade  tip  images  nearly  overlapped.  The  blade 
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piCcli  .-ingle  at  the  3/4  chord  was  then  Increasecl  to  4 deg  .-ind.  f i lui  l.'l  y to 
8 deg,  which  was  the  pitch  angle  to  be  used  for  the  actual  te.st  c.cuif igura- 
tion.  Structural  stability  during  all  of  the.se  preliminary  U-sts  appeared 
cjuite  good.  The  overhead  mirror  v;as  later  removed  after  the  955  Rl’M  track 
check  and  prior  to  actual  testing  in  order  to  reduce  any  possible  aero- 
dynamic. interference  effects  with  the  model  rotor.  Stability  tests  were 
also  performed  at  the  rotor  rotational  speed  of  955  RPM  with  no  tunnel  ve- 
locity. 

The  next  step  involved  rotating  the  wind  tunnel  balance  turntable 
to  a shaft  angle  of  10  deg  (a^  = 10’)  and  applying  an  initial  tunnel  veloc- 
ity. The  rotor  shaft  angle  was  changed  from  0°  prior  to  applying  tunnel 
wind  in  order  to  avoid  any  possible  stalling  of  the  model  rotor.  Tunnel 
velocity  was  Increased  to  30  MPll  and  then  to  60  MPH.  The  rotor  response 
was  closely  checked  at  these  two  speeds,  since  these  two  tunnel  speeds  werc^ 
to  be  used  for  the  |i  =0.2  and  y =0.4  configurations,  respectively.  H.-'.-ing 
again  confirmed  rotor  stability,  it  was  now  necessary  to  determine  pressure 
settings  of  the  gust  generator  plenum  chamber  in  order  that  a generated 
gust  would  be  "seen"  and  responded  to  by  the  rotor. 

Preliminary  testing  revealed  that  for  y = 0.2  and  y = 0.4  configu- 
rations, plenum  pressure  of  4 psi  with  gust  generator  RPM  varying  from  100 
to  500  RPM  produced  acceptable  rotor  response.  At  speeds  greater  than  500 
RPM,  the  response  wa.s  very  difficult  to  distinguish  primarily  because  of 
rbe  downstream  gust  disslp.-ation  at  these  higher  speeds.  However,  the  low 
frequency  gu.st  responses  were  of  greatest  interest.  Thus,  the  decision  was 
made  tf)  ri'strict  tlie  gu.st  generator  .speeds  to  500  Rl’M  and  below  for  the 
actual  testing.  A graph  of  the  gust  amplitude  for  the  frequencies  and 
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tunnel  .'.peedn  used  during  the  mode]  testing  i.s 
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3.1.2  Balancing  the  Botor 

3. 1.2.1  Static  Balance 

A static  balance  of  the  rotor  system  was  accomplished  in  each  con- 
figuration prior  to  actually  spinning  the  rotor.  Tor  the  configuration  of 
one  operable  blade  and  two  dummy  blades,  the  complete  blade  assembly  of  the 
single  blade  was  weighed  and  its  center_of- gravity  located.  Based  upon 
these  various  values  of  total  mass  and  center-oE-gravity  locations,  weights 
were  added  to  the  two  dummy  blades  to  satisfy  not  only  mass  considerations, 
but  also  the  center-of-gravlty  requirements.  The  three  blades  v-7ere  then 
attached  to  the  rotor  hub  and  the  hub  was  suspended  by  moans  of  a plug  in 
the  hub  center  to  check  the  static  balance  of  the  assembly.  Minor  adjust- 
ments of  the  dummy  blade  weights  were  then  made  to  complete  the  rotor  static 
balance. 

3. 1.2. 2 Dynamic  Balance 

Having  completed  the  static  balance,  it  was  now  necessary  to  perform 
a dynamic  balance  before  each  wind  tunnel  test  series.  This  dynamic  balance 
was  accomplished  primarily  through  the  use  of  a General  Radio  Company 
Model  .1551B  accelerometer  attached  near  the  hangar  bearing  of  the  left 
mounting  trunnion  of  the  wind  tunnel  balance.  The  model  was  spun  at 
operating  (testing)  RPM  with  the  output  of  the  accelerometer  being  dis- 
played on  an  oscilloscope.  Again  making  minor  alterations  in  the  locations 
of  tbo  additional  weight  of  each  dummy  blade,  the  accelerometer  signal  could 
be  nearly  nulled.  In  this  w.iy,  the  motion  of  the  .shaft,  the  hangar  bearing, 


and  tlio  triinniDii  rapchanisin  was  minimized.  This  dynamic  bal.'inring  elimi- 
naled  severe  model  oscillations,  reduced  the.  forces  exerted  on  the  wind 


tunnel  balance  meclianisiii,  and  achieved  the  balance  of  each  rnodel  confli^urri- 
tion  which  was  so  necessary  in  order  to  conduct  the  appi'opriate  wind  tunn.l 
test. 

Having  finished  all  calibration  tests  and  stability  checks  on  the. 
conditions  of  the  proposed  test,  it  was  now  possible  to  proceed  to  the 
actual  testing  and  data  acquisition. 

3.2  Sequence  of  Actual  Testing 

3.2.1  General  Comments 

3. 2. 1.1  Hovering  Configuration 

Prior  to  beginning  each  actual  test,  each  blade  was  checked  for 
signal  output.  With  the  blade  hanging  in  a vertical  position,  each  strain- 
gage  bridge  of  that  blade  was  zeroed.  These  values  were  recorded  and  were 
used  later  to  determine  any  offset  voltage  or  amplifier  drift.  The  shaft 
angle  was  10  deg  (a^  = 10°),  but  a hovering  configuration  was  still  achieved 
since  the  wind  tunnel  had  no  velocity.  The  rotor  was  brought  up  to  a rota- 
tional speed  of  955  RPM  (100  rad/sec)  and  dat.i  were  recorded.  The  hovering 
data  for  each  test  configuration  were  taken  at  the  beginning  of  each  test 
run. 

, 3. 2. 1.2  Forward  Flight  Configuration 

With  the  rotor  spinning  at  955  RPM  and  the  shaft  angle  equal  to  10  deg, 

the  wind  tunnel  velocity  was  now  slowly  Increased  to  30  MPH.  Rotor  response  • 

for  the  U = 0.2,  no  gust  configuration  was  theii  recorded.  At  this  point,  ; 

i 

the  4 psi.  gust  was  added  and  the  tost  sequence  as  shown  in  Table  3,  | 
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(.'oliinn  I,  wa.-j  contiiiiied  ii'iLli  d.iia  i-Jed  .Jl;  all  tc-st  sctlinss,  lla.frr', 

I'omplofi'd  the  h = 0.2  sequence  o£  tests,  the  t,unnt-l  velocity  was  lucre.ased 
to  60  MPil  (vi  = 0.4)  and  tiie  Vest  sequence  as  outlined  in  Column  2 of 
Table  3 was  followed.  Upon  completion  of  this  sequiuicc,  the  ^ust  f'enerator 
v/as  turned  off  and  the  data  for  the  69  'fPll,  no-gust  configuration  tv’as  re- 
corded. Having  recorded  all  necessary  data  for  this  portion  of  the  rotor 
model  test  sequence,  the  wind  tunnel  and  rotor  model  were  turned  off  in 
that  order.  It  should  be  noted  that  emergency  switches  existed  to  turn 
off  the  rotor  model  hydraulic  pump  or  Wright  Brothers  Wind  Tunnel  if  an 
emergency  condition  arose  during  any  of  the  testing.  Had  the  wind  tunnel 
and  the  rotor  been  operating,  the  emergency  procedure  involved  shutting 

off  the  wind  tunnel  before  the  hydraulic  pump,  since  u = V , /V  . and 

■'  C I > tunnel  tip 

accomplishing  emergency  sliutdown  in  reverse  order  would  have  meant  p would 
pass  through  infinity.  This  would  likely  produce  catastrophic  results  with 
regard  to  the  rotor  model. 


3.2.2  Three-Bladed,  Standard  Torsion,  Undamped 


The  first  rotor  test  series  w’as  begun  with  the  thrce-bladed,  un- 
damped configuration  employing  standard  torsion  stiffness.  Data  were  never 
acquired  in  this  configuration,  however,  because  of  a lead-lag  resonance 
which  was  encountered  near  61.0  RPM.  Because  of  the  possibility  of  exceeding 
chordwise  bending  stress  limitations  of  the  metal  flexure,  the  test  was 
stopped  and  tlie  original  lead-lag  damper  shown  in  Fig.  12  was  designed  and 
attached  to  the  model. 
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3.2.3  Standard  Torsion,  Darnpod 

With  thc‘  load-l£ig  dampers  nov;  in  iilacc,  (.in.'  tnst  series  was  con- 
tinued. The.  '.impers  functioned  extremely  well  and  Jinvited  chordwi.se  bend- 
ing streasj  of  the  metal  flo.xures  to  10  ksi  at  tlie  resonance  point  en- 
countered near  6.10  RkM.  With  tiiis  problc-m  tjolved,  the  rotor  spsied  was  in- 
creased to  955  RPM.  It  was  now  pos.sible  to  acquire  data  for  ttiis  rotor  con- 
figuration. 

3.2.4  Single-Bladed,  Standard  Torsion,  Old  Damper, 

No  Tip  Weight 


ITie  next  test  involved  removing  two  of  the  operable  blades  and  re- 
placing them  with  dummy  blades.  As  mentioned  before,  the  one  operable 
blade  configuration  was  used  primarily  to  eliminate  the  risk  of  complete 
model  destruction  in  the  event  of  some  unpredicted  rotor  instability  and 
to  simplify  variation  of  blade  CG.  At  this  point  in  the  test  series,  the 
redesigned  lead-lag  damper  was  still  being  prepared.  Consequently,  de- 
spite knowing  of  the  large  steady-state  torsional  displacement  caused  by 
the  original  lead-lag  damper,  it  was  used  on  the  single  operable  blade  be- 
cause the  lead-lag  resonance  still  existed.  Data  were  acquired  for  this 
rotor  configuration  and  served  primarily  to  demonstrate  the  difference  in 
rotor  reaction  between  the  three-bladed  rotor  versus  one-bladed  rotor 
(old  dampers)  and  between  the  slngle-bladed  configuration  of  old  damper 
versus  new  damper  cases.  Additionally,  operation  of  the  si ngl e-bladed  case 
was  confirmed  as  no  rotor  Instabilities  were  evident. 
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3.2.')  S lug]  e-B]  ndi?d.  Standard  Torsion,  New  Damprf, 

No  Tl])  Wei  gilt 

Having  completed  the  c.c)ns  tract  ion  of  the  redesigned  lead-lag  damper, 
it  now  took  the  place  of  the  originally  designed  damper  on  the  model.  As 
expected,  the  steady-.state  torsion.al  displacement  resulting  with  this  ar- 
rangement was  far  less  than  the  previous  steady-state  torsional  displaciMnent . 
Data  were  therefore  recorded  for  this  configuration. 

3.2.6  Single-Bladed,  Standard  Torsion,  New  Damper, 

Tip  Weiglit  Applied,  Variable  Chordwise  Center- 
of-  Gravity 

The  next  portion  of  the.  test  sequence  provided  some  of  the  very 
critical  information  of  the  model  testing.  After  securing  the  tip  weight 
sleeve  to  the  model  rotor  blade,  the  tungsten  slug  was  positioned  in  tiue 
sleeve  to  place  the  chordwise  center- of- gravi ty  at  the  25%  chord  location. 

In  this  forward  CG  location,  a blade  instability  was  not  expected,  but  was 
watched  for.  The  rotor  remained  very  stable  so  data  were  recorded. 

The  tungsten  slug  was  now  moved  backwards  in  the  tip  weight  sleeve, 
moving  the  chordwise  center- of- gravity  to  the  35%  chord  location.  While  a 
blade  instability  was  more  likely  in  this  rearvjard  location,  the  actual  CG 
.shift  aft  was  only  2%  from  that  of  the  blade  without  the  tip  weight  assembly. 
The  blade  remained  stable  so  data  were  recorded  for  this  position. 

The  tungsten  slug  was  finally  moved  to  the  most  f onward  location  in 
the  sleeve  or  the  18%  chordwise  center-of-gravity  position.  In  this  con- 
figuration, the  rotor  again  appeared  to  be  very  stable,  so  after  reconfirm- 
ing the  static  and  dynamic  balance,  data  v;ere  recorded. 
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3.2.7  S i ngle-- B laclod , Soft:  'J’orsi'm,  New  Dami)or,  'I'l])  V.'('ij.',hL 
- Applied,  Variable  Chordwise  Centi.-r-of -Cravi  t:y 

’ V.'ith  the  completion  of  the  test  .sequee  • (jntlinod  in  the  l.'ist  sub- 

section, the  most  :Lmportant  and  inost  critical  portion  of  tiic  rotor  tc-.sling 
was  begun.  The  metal  flexure  connecting  the  rotor  blade  to  the  rotor  hub 
was  changed  from  the  standard  torsion  flexure  to  the  soft  torsion  flexure. 
The  tip  weight  remained  at  the  18%  chordwisc  center-of-gravity  location. 
Because  of  this  for\>7ard  chordwise  CG  location,  no  blade  instability  was  sus- 
pected, but  the  rotor  was  carefully  monitored  to  insure  some  unforeseen 
condition  could  not  or  did  not  arise.  Again,  having  confirmed  rotor  balance 
and  apparent  stability,  the  rotor  test  sequence  was  begun  and  data  were 
acquired. 

; Next,  the  tip  weight  was  moved  aft  to  the  25%  chordwise  center-of- 

t 

‘ gravity  position.  The  rotor  performed  extremely  xjell  and  again  appeared 

f . 

quite  stable.  Data  were,  therefore,  recorded  for  this  configuration, 

j 

I;  Tlie  final  test  of  the  entire  model  testing  sequence  was  now  begun. 

I ! 

The  tip  weight  was  moved  to  the  35%  chordwise  center-of-gravity  location. 

,'•1 

In  this  configuration,  rotor  instability  was  considered  likely.  However, 
during  preliminary  checks  and  during  the  balancing  procedures  for  this  con- 
figuration, the  rotor  behaved  quite  normally.  Therefore,  the  rotor  was 
held  at  the  operating  RPM  and  following  the  normal  tenting  sequence  as  be- 
fore, data  were  recorded.  The  rotor  remained  stable  throughout  this  entire 
testing  sequence  and  showed  no  indication  of  imminent  inst.obi  1 i ty . 

! With  the  conclusion  of  this  final  test,  the  wind  tunnel  testing  plmse 

I ’ 

of  the  model  development  was  complete. 
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. 1 ExperiintMital  Results 

The  fi'equeucy  response  of  blade  motions  (;o  vertical  jpists  can  b<* 
expressed  in  tenas  of  the  three  frequency-modulated  motions  (Sl-ho) , (O,  and 
, where  is  tiie  rotational  speed  of  the  rotor  and  ca  is  the 
frequency.  The  derivation  of  these  three  frequency-moduJated  motions  wil.l 
be  shown  in  the  next  section,  comparison  with  theory.  Rotor  cyclic  flap- 
ping can  be  expressed  as  (Sl+(0)  and  (Q-to) , while  collective  flapping  can  be 
expressed  ns  to.  In  the  following  discussion,  these  definitions  will  apply 
to  the  flapping  motions.  i 

4.1.1  Three  Bladed  Rotor 

For  the  three  bladed  rotor  at  vi=0.2  or  the  30  MPH  configuration,  a 
cyclic  flappling  peak  for  (fi-Hii)  as  shown  in  Figure  26  appears  at  (aj/f^)=0.2.  j 

This  is  due  to  the  resonance  at  the  flapping  natural  frequency.  The 

I 

response  then  decreases  as  the  non-dimensional ized  frequency  increases, 
primarily  because  of  the  decreasing  gust  magnitude  as  shown  in  Figure  25. 

The  lag  motions  of  Figure  27  also  have  peaks  in  the  vicinity  of  (u)/Jl)=0.2 
as  do  the  torsional  responses  (Figure  28).  The  apparent  flap- lag-torsion 
coupling  in  this  low  speed  configuration  in  the  vicinity  of  ((j)/S?)=^0. 2 is 
evidenced  in  Figures  26,  27,  and  28. 

At  the  higher  tunnel  speed  of  60  MPH,  the  cyclic  flapping  response 
is  nearly  the  same  as  for  30  MPH;  however,  the  peak  amplitude  of  the  (fi-ho) 
response  has  decreased  by  117.  (Figure  29).  This  is  due  to  the  gust 
gradient  decreasing  at  the  higher  speed.  The  lag  response  (Figure  30) 
maintained  nearly  tlie  same  re.sponse  motions  and  magnitudes  as  Figure  27, 
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while  Lin.-  torsional  motions  (Flj^ure  31)  setMu  to  have  beco;nc'  soiTiowlia L 
independent  of  any  coupling  and  do  not  respond  as  mucii  at  the-  naj)i)iiii; 
natural  frequency. 

A. 1.2  Center- oi-Gravity  Shift  with  Changes  in  VoisLonnl  Stiffness 

Tiie  flapping  response  reductions  due  to  the  center-of-grnvity  shifts 
between  the  soft  and  standard  flexures  in  the  30  >0’H  configuration  as 
sho'.m  in  Figures  32  and  35  are  not  obvious.  However,  it  seems  that 
torsional  motion  has  Increased  in  the  case  of  the  soft  flexure  (Figure  33). 
The  apparent  lack  of  flapping  motion  reduction  is  because  the  aerodynamic 
forces  due  to  the  torsional  motion  are  not  enough  to  reduce  the  flapping 
motion.  As  shown  in  Figures  34  and  37,  the  lug  motion  is  quite  consistent 
for  all  center-of-gravity  positions  for  both  the  soft  and  standard  flexure 
conf igura t ions . 

In  the  60  MPH  configuration,  the  reduction  in  flapping  resiJonse  is 
quite  clear.  Wlien  the  standard  torsion  flexure  is  used,  reduction  of 
(fi-hu)  flapping  motion  is  qualitatively  observed  in  Figure  38  and  is  due  to 
the  center-of-gravity  shift  forward  from  35Zc  to  18Zc.  Figure  39  shows 
that  the  torsional  motion  is  much  more  significant  at  the  most  fonrard 
and  most  aft  CG  locations,  while  the  lag  motion  depicted  in  Figure  40 
essentially  shows  no  change  from  Figure  37.  With  the  soft  torsion  flexure 
response  shown  in  Figure  41,  however,  significant  reductions  of  25%  and 
58%  can  he  seen  in  the  (Q+m)  flapping  response  at  (ni/Q)~0.2  as  the  CG 
location  moves  from  35%c  to  25%c  and  from  35%c  to  18%c  respectively.  In 
collective  flapping,  similar  reductions  are  obtained;  however,  the  (Q-d) 
response  does  not  show  a clear  picture.  At  ((o/f2)=0.1  and  (to/f!)=0.5,  the 
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rodiu- 1 1 on  iiioch.’n  Lriin  o.rcati-d  t)y  tlio  ('I'orclwiso  C(;  shift  npp.j  rout  t y i luiL 
working.  Tlic-  gust  rospo!i:;i.'  rc-cliK'l:ii.>n  it:  nor.-  o!>vi()u'j  at  60  Mi’ll  with  (lio 
soft  tor.sioii  flexure  bceaii.se  the  large  tor.9.iona.l  motion  produec'cl  by  tin; 
soft  torsion  flexure  ]jroduoes  more  aerudy nniai c forces  due  to  tiie  Lm-rea.sed 
advance  ratio.  Chordwise  motions  are  again  very  low  (Figure  63)  and 
present  no  .significant  changes  in  response  between  tiie  standard  and  .sof t 
flexure. 

An  interesting  phenomenon  is  present  in  the  torsional  moticjn 
response  for  tiie  higher  advance  ratio  configurations  of  both  the  soft 
and  standard  flexures.  As  the  chordv/ise  center-of-gravi ty  position  is 
moved  aft  from  18Zc  to  25%c,  a reduction  in  response  for  (SHtj) , to,  and 
(Jl-to)  occurs  for  both  flexure  stiffnesses.  These,  motions  are  shown  in 
Figures  39  and  62.  The  (Q+to) , (O,  and  (Q-io)  responses  of  the  25%o  location 
all  display  the  same  general  motion,  that  being  a slow,  steady  decrease  as 
(co/fl)  increases.  However,  as  the  chordwise  center-of-gravi  ty  location  is 
moved  further  aft  to  the  35%c  position,  an  increased  response  in  all  three 
frequency-modulated  motions  is  observed.  This  larger  response  over  the 
entire  non-dimensionalized  range  would  indicate  that  some  point  of  minimal 
torsional  motion  with  reference  to  chordwise  center-of-gravity  location 
had  been  reached  and  passed.  Thus,  while  it  might  appear  that  chordwise 
center-of-gravity  shifts  could  be  used  to  minimize  the  torsional  response 
motion,  the  chordwise  center-of-gravity  ])OBition  so  determined  may  not  be 
the  opt-lmal  overall  location  in  view  of  the  desired  ol)jective  of  reducing 
blade  flapping  motion. 
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4.  1.3  Syslt'iii  Sl.al)Uily,  Uc  ;onaaci.^.s , and  'I'lirust  iMuri.'rm'nt 
An  mentioned  previously,  the  model  rotor  performed  extri'inely  well 
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with  reg£ird  to  stability  in  all  configurations  te.ited.  U'liilc*  there  was 

some  concern  that  blade  flutter  would  occur  in  the  35%c  CO  coni i gurat ion  , 

with  the  torsionally  soft  flexure  in  place,  this  flutter  never  developed 

nor  showed  any  signs  of  developing.  The  only  system  resonance  encoiinteri'd  i 

was  that  near  610  RTM  in  chordwise  motion  in  the  undamped  three  bladed  | 

configuration.  It  was  therefore  necessary  to  design  and  attach  a lead-lag  | 

damper.  After  this  damper  system  was  attached  to  the  model  there  was  no 

further  difficulty  with  the  lead-lag  resonance  point  previously  encountered. 

Attempts  to  measure  the  model  rotor  thrust  were  unsuccessful.  The 
model  balance  in  the  Wright  Brothers  Wind  Tunnel  was  designed  and  built  to 
measure  side  force,  and  with  the  model  rotor  orientation  while  mounted  on 
the  balance  In  the  tunnel,  it  was  fait  that  this  side  force  measurement  ; 

could  be  recorded  as  the  experimental  thrust  force  value  of  the  rotor. 

However,  electrical  problems  existed  in  the  measuring  gages  on  the  wind 
tunnel  balance.  After  attempting  repair  of  these  strain  gages,  it  was 
determined  tliat  any  further  time  spent  on  this  effort  v^ould  delay  the 
actual  model  testing  progr£iin.  Thus,  the  thrust  of  the  model  rotor  was 
never  measured  experimentally.  Theoretical ly  the  thrust  of  the  rotor  was 
determined  to  be: 

T = C,j.pA(JlR)^  : 

T - ( . 006)  ( . 00238)  [ (tt)  ("—--)  ^]  [ (100)  (-|~-)  ] ^ 

T = 1/..57  lb 
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whoro  C,j,  = thrust  c.oef  fl.-.  iont 

p = air  dennUy 
A = disc  area 

(J^R)  = rotationa].  speed  times  rotor  radius 

4.2  Comparison  with  Theory 

4.2.1  General 

As  stated  in  Subsection  4.1,  the  frequency  response  of  blade  motion 
to  a vertical  gust  is  explained  in  terms  of  three  frequency-modulated 
motions  of  (f^+o)) , u,  and  (fi-w) , where  Q is  the  rotational  speed  and  tj  is 
the  gust  frequency.  These  responses  can  also  be  explained  by  the  developed 
theory  and  through  the  flapping  equation  of  Reference  17: 

3 + h ^ sinip)^  + {(^— ) h cos’jj  + ^ sin(2i;;)}  3 = 


I + p I sin^ 


(A) 


wliere 


and 


Y : 

Locke  Number 

\i  ■ 

advance  ratio 

cOg: 

Natural  Frequency 

“c/ 

gust  velocity 

■■ 

Qt  azimuth 

• Y ^ n 

u smut  - w (r-,)  ” rosoJt  cosilt 

C»  o G i6  |i 

(B) 
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The  fli'rit"  torin  in  Equation  K shows  a ucii.fortn  c.ompoiiGnt  of  rtio  {;ust  velocity 
over  the  rotor  disc  and  tlio  second  term  the  nonun i formi ty  ot  the  Rust 
velocity.  Substituting  Equation  B into  the  riglit-hand  side  of  liquation  A 
yields: 

6 + 2^*^  4 8 b co3(0-ha)t 

+ -^{p  ^ ^ ~ (k)  } cos(fi-to)t  + higher  order  terms 

L H o y it 

Therefore,  due  to  a vertical  gust  with  frequency  w,  tlie  flapping  motions 
to,  (n+to) , and  (fl-to)  will  be  excited. 

4.2.2  Three  Bladed  Rotor 

The  three  bladed  rotor  case  provided  basic  information  regarding 
the  overall  response  of  the  rotor  model  to  a vertical  gust.  Because  there 
was  neither  a change  in  torsional  stiffness  nor  chordwise  centcr-of- 
gravity  in  this  configuration,  no  specific  conclusions  could  be  drawn 
from  the  rotor  response  with  regards  to  the  objectives  of  the  test  program. 
Consequently,  only  the  theoretically  predicted  flapping  motions  have  been 
included  to  compare  with  the  experimental  results. 

Experimental  flapping  re.sponses  at  30  MPH  for  (.0+0.'),  w,  and  (O-to) 
were  all  within  15%  of  the  predicted  values  (Figure  26).  In  general,  the 
predicted  results  displayed  a slightly  greater  response  to  tlio  mid-fre.- 
quency  excitations  than  was  found  in  the  experimental  respon.ses.  This 
was  particularly  true  for  the  (O-oi)  and  U motions.  The  predicted  (O+o') 
motion,  however,  was  very  nearly  attaint'd  by  the  experimental  result  with 
it  peaking  at  a non-dimenslon.ilizcd  frequency  of  (o)/0)=0.2  and  differing 
only  slightly  in  m.ignitude. 
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Tiu-;  prt'.Jicted  flappin®  rosponses  for  the  60  MPl!  conf  igurat  i dii 
(Figure  29)  were  tnorc;  closely  nttninod  by  the  wind  funnel  model  fnan  in  Ibe 
30  MPH  case.  Only  tho  (.Q-oj)  test  response  showed  a difference  in  nagnitudr; 
from  that  predicted.  This  predicted  response  also  e:-:hibited  a character- 
istic. of  the  lower  tunnel  speed  case,  that  being  a significant  response  at 
at  the  midrange  non-dimensionalize.d  frequency.  In  this  case,  tlie  response 
%7as  a significant  decrease  at  the  midrange  frequencies.  However,  based 
upon  the  good  correlation  between  predicted  flapping  motion  and  observed 
flapping  motion  in  both  the  30  MPH  and  60  MPH  cases,  it  was  concluded  the 
experimental  model  provided  a valid  representation  for  the  desired  tests. 
Therefore,  the  single  bladed  configuration  Involving  torsional  stiffness 
variations  and  chordwise  center-of~gravity  changes  could  now  bo  tested. 

4.2.3  Center-of-Gravity  Shift  with  Changes  in  Torsional  Stiffness 

While  the  initial  wind  tunnel  tests  dealt  with  the  gust  response  of 
the  three  bladed  rotor  model,  the.  most  important  portion  of  the  experiment 
Involved  the  single-operable,  two-dummy  blade  configuration  and  its  testing. 
The  tests  of  this  configuration  provided  the  mnse  useful  information.  The 
comparison  of  the  theoretical  rotor  responses  with  those  responses  actually 
recorded  from  the  wind  tunnel  model  will  now  be  discussed. 

4. 2. 3.1  30  MPH  Configuration 

An  objective  of  the  test  program  was  to  evaluate  the  effectiveness  of 
tor.slonal  stiffness  variation  in  conjunction  with  chordwise  center-oF-gra\/lty 
shifts  In  alleviating  the  gust  response  of  a hinge  less  rotor.  Initial 
theoretical  predictions  showed  that  at  30  MPII  (li=0.2),  a change  in  torsion  il 
stiffness  v/ould  produce  only  small  changes  in  blade  flap,  torsion,  and  lag 
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motion,  with  these  chani’.e!:  being  niost  prevalent  in  tlie  soft  ri.  y.uii'  eon- 
flgnration.  As  described  in  the  experi niental  results.  Subsection  A. 1.2, 
these  earlier  predictions  for  the  30  MPll  configurations  proved  correct . < 

Therefore,  to  avoid  re.peating  similar  results,  only  tlio  theoretical  predi.— 
tions  for  the  soft  torsion  flexure  with  a 25%  cliordwise  center-of-gravi  ty 
location  will  be.  compared  to  the  experimental  results  for  this  low  speed 
configuration. 

The  theoretical  predictions  for  flap,  torsion,  and  lag  motions  of 
the  soft  flexure,  30  MPH  case,  are  shown  in  Figures  44,  45,  and  46  respec- 
tively. These  predictions  come  very  close  to  forecasting  the  actual 
responses  achieved  from  the  wind  tunnel  model.  Regarding  rotor  cyclic 
flapping,  the  predicted  (fl+w)  response  (Figure  44)  displayed  a 25%  lesser 
excitation  at  the  flapping  natural  frequency  than  that  achieved  by  the  wind 
tunnel  model  (Figure  32).  The  same  was  true  for  the  (fl-u)  response,  as  the 
predicted  lower  frequency  response  was  smaller  than  that  achieved  by  the 
model.  The  (i)  response  showed  good  agreement  in  both  magnitude  and  motion 
between  the  theoretical  prediction  and  the  experimental  observation. 

The  predictions  for  the  (O+cj)  and  u.)  responses  of  torsional  motion 
(Figure  45)  were  very  accurate  with  regards  to  results  achieved  (Figure  33). 

Only  in  the  (iJ-w)  response  was  the  predicted  result  lower  in  magnitude  tlian 
that  achieved.  Again,  as  with  the  difference  in  flapping  response,  these 
lower  predicted  values  at  the  lower  non-dimenslonalized  frequencies. 

The  predicted  lag  motions  (Figure  46)  also  proved  accurate  for  the 
‘J 

(fl+w)  and  0)  responses  when  compared  to  the  experimental  results  (Figure  34). 

Only  in  the  (ll-co)  was  there  a difference  betxveen  predicted  and  observed 
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UhsiM'vod  results  displayed  a slowly  increasin''  then  dccreasin}; 
motion  as  the  uon-diraoiis  Iona  1 1 zed  fraquency  increased,  but  with  no  oareroa 
peakini’  involved.  Theoretical  results  displayed  an  increasing  response, 
peaking  a higher  non-dimensional i zed  frequency  in  the  vicinity  of  the  lag 
resonance.  It  is  clear  why  this  higher  response  in  the  vicinity  of  the  lag 
resonance  was  not  seen  by  the  wind  tunnel  model. 

4. 2. 3. 2 60  MPH  Configuration 

As  with  the  30  MPH  configuration,  the  theoretically  predicted  25% 
chordwise  center-of-gravity  responses  for  the  soft  flexure  have  been  plotted 
to  use  as  a comparison  with  the  experimentally  determined  results.  As  has 
been  shown,  chordwise  center-of-gravity  shifts  for  the  standard  torsion 
flexure  produce  flapping  reductions,  but  these  are  more  of  a qualitative 
rather  than  quantitative  nature  (Figure  38).  Overall  agreement  between 
theoretical  predictions  and  experimentally  obtained  results  for  the  soft 
flexure  is  quite  good,  particularly  in  the  important  parameters  of  torsion 
and  flapping.  Some  discrepancies  exist  between  the  predicted  and  observed 
lag  motion. 

Predicted  flapping  motions  are  shown  in  Figure  47.  While  there  is 
good  agreement  regarding  the  tendencies  for  the  (l>ho)  and  (Sl-ai)  cyclic, 
flapping  responses,  the  experimental  magnitudes  (Figure  41)  are  not  in 
complete  agreement  with  those  predicted.  Additionally,  the  predicted  ai 
motion  displays  a tendency  to  remain  somewhat  constant,  while  the  observed 
W motion  exhibits  more  of  a tendency  to  follow  the  gust  characteristic  of 
decreasing  in  magnitude  as  the  non-dimensionali zed  frequency  increases 
(Figure  25). 
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T'rio  proclic  t«?d  tiir.sional  ri'fjponses  O'ipp.ire  AS)  an.'  very  close  npprox- 
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imitionn  for  the  experimental  results  (Fi;,;ure  42).  These  torsional  prislic- 
tions  provided  the  best  eorrel a L Joii  betv;eea  theory  and  experiment  lor  the 
entire  test  sequonci’. 

Finally,  the  lag  responses  for  the  soft  flexure  are  shown  In  Figure 
49.  The  predicted  (il+ui)  tendency  is  verified  by  the  experi emental  results, 
although  a difference  in  magnitude  does  exist.  However,  the  to  and  (fl-o)) 
responses  do  display  discrepancies  between  the  predicted  and  observed 
results.  Theory  predicts  a larger  excitation  for  both  of  these  motions, 
particularly  in  the  vicinity  of  the  lag  resonance  (to/ll)  =0.4.  However,  as 
v/as  also  the  case  with  the  experimental  lag  data  in  the  30  MPH  configura- 
tion, the  model  does  not  exhibit  this  excitation  response  at  the  higher 
non-dimensi onalized  frequency.  It  is  still  not  clear  why  this  discrepancy 
exists  between  the  theoretical  predictions  and  the  experiiuentcil  results. 

5.  CONCl.USIONS  AND  RECOMMENDATIONS 

5.1  Conclusions 

The  wind  tunnel  testing  v;as  designed  to  examine  the  theory  regarding 
the  response  of  hingeless  rotors  to  vertical  gusts  and  to  validate  the 
effectiveness  of  blade  center-of-gravity  shifts  as  a gust  alleviation  method. 

Based  upon  the  experimental  results  of  the  wind  tunnel  tests,  the 
follo'wlng  conclusions  may  be  stated: 

(a)  Chordwise  center-of-gravity  shifts  are  a simple  and  effective 
means  of  alleviating  hingeless  rotor  gust  response.  In  the 
wind  tiinne.1  model  utilizing  a stiff  torsional  flexure,  p=0.4, 
and  employing  a 1 7%  center  of  gravity  shift  from  a most  aft  to 


a mo.sl  forward  roiif i;;urat:ija,  a 32%  decrease  ia  collective 
flapping;  is  aclileved.  in  the  case  u?  a torsional  !y  .soft 
flexure,  11-0.2,  and  a 7Z  Ct-nter-of-grav  i ty  shift  towards  tlu; 
leading,  ed"e,  a 2-3Z  decrease  in  col J e.i-tivo  flappinf^  is 
achieved.  At  a higher  advanced  ratio  of  i;=0.4,  the  same 
torsioually  soft  flexure  yields  a 25%  reduction  in  tlie  collec- 
tive flapping  for  the  same  7%  forward  center-of-gravity  shift. 
Results  of  shifting  the  CG  from  the  most  aft  to  the  most  for- 
ward location  (17%  overall)  yields  a 58%  reduction  in  collective 
flapping. 

(b)  Reduced  torsional  stiffness  produces  reduction  in  the  flapping 


response.  IThile  more  of  a qualitative  reduction  at  the  lower 
advance  ratio,  the  overall  flapping  motion  reduction  is  more 
dlscernnblc  at  the  higher  advance  ratio.  This  is  particularly 
true  in  the  more  forward  center-of-gravlty  configurations. 

5.2  Recommendations 

Reconunendatlons  regarding  the  continued  refinement  of  the  proposed 
theory  and  its  wind  tunnel  model  con  be  classified  into  two  activities. 

One  activity  would  Involve  the  construction  of  a full  scale  rotor  and  the 
testing  of  that  system  to  further  validate  the  gust  alleviation  mechanism 
by  altering  the  chordwise  centcr-of-gravi ty  location  in  conjunction  with 
varying  the  torsional  stiffness.  Successful  tests  of  a full  scale  rotor 
would  add  practical  credibility  to  the  developed  theory.  A second  activity 
would  involve  the  continiiaricin  of  a wind  tunnel  test  program  involving  the 
present  model.  This  program  could  perfect  the  techniques  alreadj’  validated 


I. 


FI 


and  iiirtlior  c-s  tialjJ  i sh  this  scliana  as  n moans  of  nlli-viati  nj;  thr  rotor 
rospon.se  to  };n.sL.s.  Sumo  of  tlie  .sporiiic  changes  and  jinprovoiDC'iit.s  that 
would  ho  ap:)!Lc.ablo  to  the  model  if  tinio  and  money  porinittod  mig'iit  inolndo: 

(a)  Addition  of  cyclic  pitch.  This  could  ho  accompli siiod  most 
easily  by  Incorporating  into  the  model  design  an  electronic 


as  opposed  to  mechanical  swashplate,  a cyclic  servo  motor  for 
each  blade,  and  the  necessary  feathering  bearings  for  this 
motion  in  the  rotor  hub. 

(b)  With  the  addition  of  cyclic  pitch,  a feedback  controller  could 
be  added.  The  controller  would  receive  the  output  signal 
generated  by  the  strain  gages  and  after  Interpretation,  apply 
the  necessary  control  input  to  help  alleviate  the  effect  of 
the  gust.  This  active  control  system  would  then  supplement 


the  passive  system  of  center-of-gravlty  shift  and  together  they 
would  serve  a.s  the  means  of  alleviating  the  rotor  response  to 
a vertical  gust. 

(c)  Design,  construct,  and  test  blades  that  would  incorporate  into 
their  blade  sections  the  capability  of  varying  the  chordwise 
CG  location.  This  could  be  accomplished  by  constructing  hollow 
blades  with  specially  designed  compartments.  By  positioning  a 
weight  in  the  appropriate  compartment  in  the  blade,  the  desired 
center-of -gravity  shift  could  bo  achieved.  This  feature  would 
eliminate,  any  external  parts  being  attached  to  the  blade. 
•Additionally,  this  improved  design  would  eliminate  the  need 
to  construct  a special  counterweight  sleeve,  eliminate  the 
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ciriilt'cl  holes  In  fhe  r.Kidet  'iliclt'  for  alt.tcliing  tlie  ti'i;  weiglic 
sleeve,  and  provide  a nucr.  clvViner  and  more  aceurnto  aero- 
elastic  niodel. 

(d)  Improve  Che  flapping  flexure  design  by  placing  more  slack  in 
the  lead-in  wires  and  by  using  a iiev;ly  developed  low-tempera- 
ture soldering  teclniiqua.  This  would  eliminate  some  of  the 
electrical  problems  associated  with  the  model  testing. 
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TABLE  1 

DESCRIPTION  OF  THE  ROTOR  BLADE 
USED  IN  THE  WIND  TUNNEL  TEST 


Number  of  Blades 

3 

Radius,  R 

2.375  ft 

Cfiord,  C 

2 in 

Locke  number,  y {standard  torsion) 

2.65 

Solidity,  a 

0.0670 

Collective  pitch,  0o 

8 deg 

Shaft  tilt  anqle  in  cruising  flight, 

10  deg  forward 

Lift-curve  slope,  a 

5.7 

Drag  coefficient,  Cdg 

0.012 

Rotational  speed,  n 

100  rad/sec  (955  RPti) 

Built-in  blade  angle  of  twist,  9y,j 

8 deg  (linear) 

Elastic  Axis 

33%  chord 

Aerodynamic  center 

25%  chord 

Precone 

0 deg 

Droop 

0 deg 

Torque  offset 

0 in 

Control  linkage  flexibility 

rigid 

Basic  natural  frequencies 

Lag 

0.723/ rev 

Flap 

1 .142/ rev 

Torsion 

6.12/rev  (standard) 

3.66/rev  (soft) 

TABLE  2 

CHOROWISE  CENTER'OF-GP.AVITY  POSITIONS 


CHORDWISE 
CG  POSITION 


2.120  1.661 


0.530 


INCHES  INCHES  INCHES 
FORWARD  FORWARD  FORWARD 


0.600 

INCHES 

AFT 


OF  THE  OF  THE  OF  THE  OF  THE  OF  THE 
LEADING  LEADING  LEADING  LEADING  LEADING 
EDGE  EDGE  EDGE  EDGE  EDGE 


1 .730 

INCHES 

AFT 


TABLE  3 
TEST  SEOUEIiCE 


HOVERING  CONFIGURATION 

'^tunnel"  ° 


FORUARD  FLIGHT  CONFIGURATION 

'^tunnel" 


FORWARD  FLIGHT  CONFIGURATION 


'^TUNNEL"  '^tunnel" 


GUST  GENERATOR 

FREQ  RPM  PRESSURE 

GUST  GENERATOR 

FREQ  RPM  PRESSURE 

1 .67 

1.67 

100 

4 PSI 

2.50 

150 

4 PSI 

2.50 

150 

4 PSI 

3.33 

200 

4 PSI 

3.33 

200 

4 PSI 

4.17 

250 

4 PSI 

4.17 

250 

4 PSI 

5.00 

300 

4 PSI 

5.00 

300 

\ 

4 PSI 

6.67 

400 

4 PSI 

6.67 

400 

4 PSI 

8.33 

500 

4 PSI 

8.33 

500 

4 PSI 

j FORWARD  FLIGHT  CONFIGURATION 

Funnel" 


A 


;L/\D[:D  rotor 
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FIGURE  6 MEASURED  BLADE  STIFFNESSES 


CROSS-SECTIONAL  MOMENT  OF  INERTIA 


0 0.5  1.0  R 

FLAPV'ISE  STIFFNESS 


?3!-5 


0 0.5  1.0  R 

TORSIONAL  RIGIDITY 

1 STANDARD  TORSIONAL  STIFFNESS 

2 SOFT  TORSIONAL  STIFFNESS 


FIGURE  9 tlETAL  FLEXURE,  FLAPPING  CUFF,  AND 
BLADE  COUNTERWEIGMTS 


FIGURE  13  REDESIGNED  LEAD-EAG  DAMPER 


Tr'Tftirnrmaaft 


iiW«‘^riTaaa6EfiaBiai 


!D  3ALAMCIMG  WEIGHT 


FIGURE  14  DUMMY  BLADE 


'10DEL  INSTALLATION,  DOWNSTREAM  VIEW 


FIGURE  15 
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FIGURE  17  SPLINED  CALL  SHAFT  COUPLING 


FIGURE  19  HYDRAULIC  MOTOR  AND  SLIP  RING  ASSEM.BLY 
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DECREES  ; 

^ C::CRaMISE  1.3°/  VOLT  j 


FLATVIISE  ' 2.6°  / VOLT  'j 


FIGURE  23  STRAIN  GAGE  CALIBRATION 


79 


FIGURE  7A  CONTROL  INSTRUMEflTATION  IN 
URIGHT  BROTHERS  WIND  TUNNEL 


FIG.  25  GUST  CALIBRATION,  PLENUM  PRESSURE  = 4 PSI 


FIG.  27  THREE  BEADED,  30  MPH,  LAG 


THREE  BEADED,  60  MPH,  LAG 


THREE  BL/\DED,  60  MPH,  TORS 
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Fit;.  34  SOFT  FLEXURE,  30  MPU,  LAG 
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